A capacitor discharge joining technique was investigated to optimize circuit parameter for improvement of bonding strength to fabricate an alumina (Al 2 O 3 ) tile-titanium foil-Al 2 O 3 tile joint. Several kAmps pulse current was supplied from a storage capacitor to the titanium foil while simultaneously applying pressure to the joint. The Al 2 O 3 tiles were successfully bonded when the input energy reached approximately the same value with the energy required for vaporization of the titanium foils and the shear strength increased with increasing consumed energy into the foil. However, the Al 2 O 3 tiles were fractured without bonding when the consumed energy was much higher than that required for vaporization of the foil. The shear strength slightly decreased with increasing capacitance of the energy storage capacitor at same consumed energy. However, the tiles were joined without fracturing at consumed energy much higher than that for foil vaporization. The shear strength of the tiles increased from 350 to 600 kgf with increasing compressing pressure of the tile from 0.4 to 8 MPa.
INTRODUCTION
Ceramics such as alumina (Al 2 O 3 ), silicon carbide (SiC), and silicon nitride (Si 3 N 4 ) are characterized by high strength at high temperature, good wear resistance, and excellent chemical stability, in comparison to conventional metals and structural alloys. They are suitable materials for high-temperature applications and chemically hostile environments [1] , [2] . Most of these ceramics are usually joined with other ceramics or another material, such as metal. Various joining methods are currently available [3] - [6] . Chemical joining methods, such as active metal brazing, diffusion bonding, and ceramic adhesives, are particularly interested in providing hermetic sealing and require high-temperature stability of ceramics because the diffusion bonding and brazing necessitate heating the ceramics for a relatively long period [5] . Long time heating not only dissipates power but also limits the available materials as interlayers owing to their lower melting points. In this respect, reliable cheap rapid joining techniques are required.
A capacitor discharge joining technique is one of the promising candidates to solve these problems. This joining technique was employed to join quartz rods using 1-mm-thick tantalum foil [7] . After that, the capacitor discharge joining technique has been tested using various kinds of foil material to join various kinds of ceramics [8] - [11] . This technique is based on Joule heating and involves generating pulsive high-current flow into a conductive foil, converting the solid foil into liquid phase and then vapor phase, wetting, and bonding.
The capacitor discharge joining technique has some advantages compared with other conventional joining methods; it is extremely fast and is capable of bonding in less than 60 s [8] . Moreover, a high melting point material such as titanium foil can be easily used as active metal brazing sources. In addition, this technique can be employed not only in vacuum but also in atmospheric-air circumstances [12] . Therefore, a cost-effective compact joining system can be realized by employing the capacitor discharge joining technique. However, it is necessary to improve bonding strength for the industrial applications, because the bonding strength by the capacitor discharge joining technique is lower than that by some conventional joining techniques [13] .
This paper describes improvement of the bonding strength by optimization of circuit parameter and compressing pressure of the ceramic tiles on the capacitor discharge joining system.
EXPERIMENTAL SETUP
Specimens of the alumina tiles to be bonded were cut into 10 mm×20 mm tiles of 3 mm thickness from the alumina bulk. The joining surface of tiles were polished. The titanium foil has a rectangle shape as shown in Fig. 1 . The interlayer part had 50 m thickness, 20 mm length and 5 mm width. The foil was sandwiched between the two alumina tiles and connected to the discharge circuit, as shown in Fig. 2 . In the experiment, the capacitor was discharged while simultaneously applying pressure to the joint. The applied pressure to the joint is quite an important factor to the bonding strength in capacitor discharge ceramics joining [14] . The applied pressure on the alumina sandwich was controlled by oil-hydraulic pump and cylinder (RIKEN KIKI CO., LTD). The pressure was changed from 0.4 to 10 MPa. For optimization of circuit parameter, capacitance of the storage capacitor was changed from 8.28 to 13500 F. The joining was carried out in an atmospheric air circumstance. The signals were recorded on a Tektronix TDS540 digitizing oscilloscope and were transferred to a computer for calibrating an inductive component using an equivalent circuit [15] and calculating the energy consumed in the foil. The resistance and inductance of the circuit are calculated to be 25 m and 1.17 H, respectively, by LCR current oscillation using a copper plate instead of the titanium foil.
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The bonding strength of the joined alumina tiles was evaluated as shear strength through a tensile-shear test [16] . In the tensile-shear test, a pair of jigs (wedge) was constructed to suit the joined specimens, as shown in Fig. 3 . One jig was fixed in the same position, and the other jig was pulled by a tensile tester Shimazu LAB-5. The joined alumina specimens were set at the center of the jigs. The voltage and current waveforms show the oscillation caused by LC resonance in Fig. 4(a) . For  Fig. 4(b) and (c), the current has two peaks. This second peak of the current is caused by a discharge shunting the vaporized metal foil [8] . The voltage on the foil and the discharge current have maximum values at (a) 3.9 s, (b) 8.0 s, and (c) 45 s after the GS was closed. The current peak is almost (a) 15 kA, (b) 4.7 kA, and (c) 1.8 kA. The duration time of the current flow which is determined as the time at the current decreasing to zero increases with increasing capacitance of the storage capacitor and is almost (a) 22 s, (b) 230 s, and (c) 1200 s, respectively. The consumed energy in the titanium foil increase with time after the GS was closed. The total energy consumption is about 230 J under the present experimental condition. The value 230 J corresponds to (a) 82 %, (b) 78 %, and (c) 27 % of the stored energy in the storage capacitor. The energy e(t) is consumed to increase the foil temperature needed to melt and/or vaporize the titanium foil in an early stage. The energies required to begin the melting procedure and the vaporization are calculated to be 31.1 and 78.1 J, respectively. Therefore, the titanium foil is not expected to be completely vaporized under the experimental condition. Fig. 5 shows the peak current as a function of the stored energy in the storage capacitor for various capacitances of the storage capacitor. The stored energy in the storage capacitor is changed by charging the voltage of the storage capacitor. The stored energy E 0 is calculated as follows:
where C and V 0 are the capacitance and voltage charged in the storage capacitor, respectively. The peak current increases with increasing stored energy in the storage capacitor without 13500 F of the capacitance. In the case of 13500 F, the peak current decreases with increasing stored energy in the storage capacitor. At the same stored energy, the peak current decreases with increasing the capacitance of the energy storage capacitor. Fig . 6 shows the consumed energy as a function of the stored energy in the storage capacitor for various capacitances of the storage capacitor. The consumed energy E foil is calculated using Eq. (1) and the stored energy E 0 is calculated using Eq. (2). The consumed energy increases with increasing stored energy in the storage capacitor. At the same stored energy, the consumed energy at 13500 F shows obviously low value in comparison with that at other capacitance of the energy storage capacitor. The alumina tiles were successfully bonded when the consumed energy reached approximately the same value with the energy required for vaporization of the titanium foil. However, the alumina tiles were fractured without bonding when the consumed energy was much higher than that required for vaporization of the foil. 
where E foil is the consumed energy. The energy transfer efficiency decreases with increasing capacitance of the storage capacitor and is in the range from 70 to 80 % at 8.28, 400, and 1000 F capacitance case. The energy transfer efficiency is about 27 % at 13500 F capacitance case. This value is much lower than those at other capacitance cases. These results indicate that the capacitance of the energy storage capacitor from a few F to a few thousand F is suitable for the capacitor discharge joining system under our experimental condition. Fig. 7 shows the shear strength of the joint as a function of the stored energy in the storage capacitor for various capacitances of the storage capacitor. The stored energy E 0 is calculated using Eq. (2) and is controlled by charging voltage to storage capacitor. The shear strength increases with increasing stored energy in the storage capacitor and slightly decreases with increasing capacitance of the energy storage capacitor at same stored energy. The maximum value of the shear strength is 400 kgf at 400 F of the capacitance. Fig. 8 shows the shear strength as a function of compressing pressure on the alumina tiles for two different capacitances of the storage capacitor. The shear strength of the tiles increases from 350 to 600 kgf with increasing compressing pressure of the tile from 0.4 to 8 MPa. As the compressing pressure increases, the melted foil spreads evenly on the joining surface of tiles. The compressing pressure is one of the important factors to increase bonding strength on the capacitor discharge joining system. 
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CONCLUSION
A capacitor discharge joining technique that was used to fabricate an alumina-titanium-alumina joint was investigated by focusing optimization of circuit parameter on the shear strength of the joint. The consumed energy increases with increasing stored energy in the storage capacitor. The energy transfer efficiency decreases with increasing capacitance of storage capacitor. The shear strength increases with increasing stored energy in the storage capacitor. In the all case, 13500 F had lower values obviously in comparison with other capacitance of the storage capacitor. The adequate capacitance of the storage capacitor was a few hundred F of the capacitance in our joining system. The shear strength of the tiles increased with increasing compressing pressure of the tile. The compressing pressure is also important factor to increase bonding strength on the capacitor discharge joining system.
